High dietary acid load may be detrimental to bone mineral density (BMD), although sufficient calcium intake might neutralize this effect. In observational studies, the association between BMD and dietary acid load, estimated by net endogenous acid production (NEAP) and potential renal acid load (PRAL), has been inconsistent, and the potential modifying effect of calcium intake has not been assessed. We therefore examined the cross-sectional associations of estimated NEAP and PRAL with BMD in the Framingham Osteoporosis Study. We hypothesized that higher estimated NEAP and PRAL would be associated with lower BMD, but only among those with total calcium intake , 800 mg/d. BMD of the femoral neck and lumbar spine was measured, and estimated NEAP and PRAL were calculated via FFQ among 1069 Framingham Original (1988-1989, 1992 -1993 ; 62% women, mean age 76 y) and 2919 Offspring (1996)(1997)(1998)(1999)(2000)(2001); 56% women, mean age 60 y) cohort participants.
Introduction
Osteoporosis continues to be a major public health concern, especially among the rapidly expanding U.S. population of older adults. The prospect of escalating burdens of morbidity, mortality, and health care expenditures associated with osteoporosis and related fractures (1) (2) (3) (4) highlights the importance of identifying modifiable risk factors for low bone mass in adults. Nutritional risk factors are perhaps among the most amenable to modification, and it has become well recognized that the influence of nutrition on bone mass extends well beyond calcium and vitamin D to include several nutrients (5) . The acid-base hypothesis suggests that diets high in acid-forming nutrients elicit the release of calcium from bone as a buffer, which is facilitated by increased bone resorption. It is therefore assumed that chronic exposure to high dietary acid load may contribute to low bone mass. Dietary acid load in human diets can be estimated by calculating the net endogenous acid production (NEAP) 8 or the potential renal acid load (PRAL) of the diet using information on dietary intakes. Several epidemiologic studies have used these measures to investigate the association of dietary acid load and bone mineral density (BMD), with mixed and inconsistent results (6) (7) (8) (9) (10) (11) .
The apparent inconsistencies in the existing literature may be due to the conflicting roles for protein in the etiology of bone loss. Protein is an essential building block for bone tissue and also stimulates production of insulin-like growth factor 1 (12, 13) , which regulates osteoblast function to help maintain bone mass (14) . Indeed, the beneficial effects of dietary protein are supported by several population-based observational studies, which were recently summarized in a systematic review and meta-analysis indicating that in middle-aged and older adults, greater dietary protein intake is associated with higher BMD at several bone sites; pooled correlation coefficient (r) ranged from 0.11 for femur BMD to 0.15 for total body BMD (15) . Yet protein is a primary contributor to dietary acid load and, under the acid-base hypothesis, may have detrimental effects on BMD (16) . Therefore, the benefits of dietary protein intake for BMD may be suppressed by a consequent acidic environment.
Dietary calcium intake may play a key role in the balance between the potential opposing effects of dietary acid load and protein on bone mass (17) . To counter the hypothesized detrimental effect of a high acid load, increased calcium intake may offset calcium lost from bone. Thus, increased dietary acid load may be detrimental to bone only when there is inadequate calcium intake. Previous studies of dietary acid load and BMD have not adequately addressed the potential modifying effect of dietary calcium intake.
Our objective in this study was to determine the crosssectional association of diet-dependent acid load with BMD of the femoral neck and lumbar spine among community-dwelling, middle-aged and older men and women participating in the Framingham Osteoporosis Study. We hypothesized that higher acid load, defined by estimated NEAP and PRAL, would be associated with lower BMD, but only among those with low calcium intake.
Materials and Methods
Study participants. The Framingham Study began in 1948 with the primary goal of determining risk factors for heart disease. The Framingham Original Cohort was comprised of 5209 men and women ranging in age from 28 to 62 y, recruited from a two-thirds sample of all Framingham, Massachusetts residences and have been followed biennially for over 60 y with extensive physical examinations, comprehensive questionnaires, anthropometric measurements, blood chemistries, and assessments of risk factors by trained clinical personnel (18) . In 1971 the Framingham Offspring Study was initiated with the enrollment of 5124 adult children (and their spouses) of the Original cohort who have been similarly followed approximately every 4 y (19) . The Framingham Osteoporosis Study first measured BMD of the hip and spine in 1273 Original cohort participants during either 1988-1989 or 1992-1993 and in 3036 Offspring participants from 1996 to 2001. Participants in the current study included the 1069 Original cohort and 2919 Offspring who had valid FFQ data collected concurrently with their baseline BMD measures. The appropriate institutional review boards at Hebrew SeniorLife, Tufts University, and Boston University approved this study and informed consent was obtained from all participants.
Dietary assessment. A 126-item semiquantitative FFQ that has been validated for several nutrients (20) was used to assess usual dietary intakes (average intake per day) for the preceding 12 mo, as previously described (21) . Participants who reported energy intakes , 2.5 or . 16.7 MJ/d or who left .12 food items blank were considered to have invalid questionnaires and were not included in the study population.
Dietary acid load. Estimated NEAP was calculated based on the method of Frassetto et al. (22) , which calculates the diet's net acid load from dietary intakes of protein and potassium using the following equation, which was developed using a combination of chemical analysis of experimentally controlled diets and diet composition tables:
Estimated NEAP ðmEq=dÞ ¼ ½62:1 3 proteinðg=dÞ=potassiumðmEq=dÞ À 17:9 with protein and potassium standardized to 10.46 MJ. This measure is based primarily on the dietary protein:potassium ratio and does not account for other nutrients that influence dietary acid load. Thus, it may be limited in estimating the acid load of the overall diet. Therefore, PRAL was calculated as another estimate of dietary acid load using the following equation from Remer and Manz (23):
PRALðmEq=dÞ ¼ ðproteinðg=dÞ30:49 þ phospohorusðmg=dÞ30:037Þ À ðpotassiumðmg=dÞ30:021 þ magnesiumðmg=dÞ30:026 þ calciumðmg=dÞ30:013Þ PRAL was calculated 2 ways: using calcium intake from the diet only and using total calcium intake, which included calcium from supplements. Because results using the 2 estimates of PRAL were similar, only results based on using calcium intake from the diet are presented.
BMD. BMD of the proximal right femoral neck and the lumbar spine (average BMD of L2-L4) was measured in g/cm 2 by using a Lunar dualphoton absorptiometer (DP3, Lunar Radiation) during the Original Cohort 1988-1989 examinations, and a dual-energy X-ray absorptiometry densitometer (DPX-L, Lunar Radiation) for all other assessments. We have previously shown high correlations between dual-photon and dual-energy X-ray absorptiometry (24) . However, because of a small but consistent shift in BMD values between the 2 technologies, femoral BMD obtained on the DP3 were adjusted for the change in equipment to DPX-L technology by using published corrections (24) . The right femur was scanned at each exam unless there was a history of previous fracture or hip joint replacement, in which case the left side was scanned. We used standard positioning as recommended by the manufacturer. The CV for repeat scans over time using the DP3 were 2.6 and 2.2% and for the DPX-L were 1.7 and 0.9% for the femoral neck and lumbar spine, respectively.
Other variables. Additional covariates were obtained from data collected concurrently with BMD measures and included sex, age, height, weight, smoking status (current smoker: yes/no), physical activity, average daily intakes of total energy (MJ), alcohol (g), caffeine (mg), total calcium (mg) and dietary vitamin D from sources other than supplements (mg), current vitamin D supplement use (yes/no), and, in women, menopause status (postmenopausal: yes/no) and current estrogen use (yes/no). Weight (in light clothing without shoes) was measured to the nearest pound with the use of a standard balance beam scale and converted to kilograms. Height without shoes was measured to the nearest one-quarter inch and converted to meters. Smoking status was assessed as whether the participant regularly smoked cigarettes over the year prior to the BMD exam. Physical activity was assessed in the Original cohort using a physical activity index, which is a weighted sum of hours spent on strenuous, moderate, and light activity, as well as at rest (25, 26) . In the Offspring, physical activity was measured using the Physical Activity Scale for the Elderly, a validated questionnaire of selfreported activity over the past 7 d (27) . Usual intakes of total energy, alcohol, caffeine, total calcium, and dietary vitamin D, as well as vitamin D supplement use over the previous year were obtained using FFQ data. Menopause status was assessed at the time of BMD measurement and defined as having no menstrual periods for more than 1 y or currently using postmenopausal estrogens (oral, patch, or cream). Estrogen use was classified as either current use or no use of hormone replacement therapy at the time of the BMD assessment.
Statistical analysis.
Most previous studies of the relations of estimated NEAP and PRAL with bone health have considered women only (6, 7, 9, 28 ) and 1 study suggests that the association may differ by gender (8) . Thus, to facilitate comparison of our results to those of other studies, all analyses for this study were conducted for men and women separately. Furthermore, given that the Offspring cohort consists primarily of children of the Original cohort, dietary intakes and BMD values within the combined cohorts are likely not independent. Therefore, cohort-specific analyses were conducted. Prior to all statistical analyses, estimated NEAP and PRAL were adjusted for total energy intake using the residual method (29) and sexand cohort-specific quartiles of energy-adjusted estimated NEAP and PRAL were created. To evaluate the relation between dietary acid load and BMD, ANCOVA was used to test for a linear trend in least squaresadjusted mean femoral neck and lumbar spine BMD across estimated NEAP and PRAL quartiles. Models were adjusted for age, height, weight, total energy intake, physical activity, smoking, intakes of alcohol and caffeine, dietary vitamin D intake, vitamin D supplement use, and, in women, menopause status and estrogen use.
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To determine whether calcium intake modified the relation of dietary acid load with BMD, we tested for statistical interactions of estimated NEAP and PRAL quartiles, modeled as single ordinal variables, with total calcium intake, categorized as ,800 mg/d or $800 mg/d, adjusting for the previously listed covariates. P-interaction values , 0.05 were considered as suggestive that the association between dietary acid load and BMD differed according to calcium category. All statistical analyses were conducted using SAS/STAT software version 9.1 (SAS Institute).
Results
Original cohort participants were older, had a lower proportion of women using estrogen replacement therapy, lower protein intake and dietary acid load, and lower BMD compared with the Offspring cohort ( Table 1) . At the time of their respective BMD assessments, Offspring cohort participants had greater mean total calcium intake compared with Original cohort participants. Yet whereas similar proportions of men in both cohorts had total calcium intake , 800 mg/d (64 vs. 58%), a higher proportion of Original cohort women had intakes , 800 mg/d compared with Offspring participants (60 vs. 34%). All Original cohort women were postmenopausal, whereas 14% of Offspring women had not yet reached menopause. Within both cohorts, men had higher total energy intake, protein intake, dietary acid load, and BMD at both the femoral neck and lumbar spine compared with the women.
There was a significant inverse association between multivariable-adjusted mean femoral neck BMD and estimated NEAP quartile (P-trend = 0.04) for the Original cohort men, indicating lower BMD with greater dietary acid load ( Table 2) . Mean femoral neck BMD in both quartiles 3 and 4 was~5% lower than that in the lowest quartile (P , 0.05), suggesting a potential threshold effect. Femoral neck BMD was not associated with estimated NEAP among Original cohort women nor was lumbar spine BMD for either the men or the women.
When dietary acid load was estimated as PRAL among Original cohort participants, the trend with femoral neck BMD among the men was no longer significant (P = 0.08), likely due to higher BMD in the quartile 4 relative to quartile 3 ( Table 3) . Similar to the estimated NEAP results, femoral neck BMD in women and lumbar spine BMD for both genders was not significantly associated with PRAL. In the Offspring cohort, dietary acid load, whether measured as estimated NEAP or PRAL, was not associated with BMD at either the femoral neck or lumbar spine ( Tables 4, 5) .
For both estimated NEAP and PRAL, there was no evidence of statistical interaction between dietary acid load and total calcium intake in relation to BMD at either the femoral neck or lumbar spine for any of the cohort/gender groups (P-interaction range, 0.09-0.93).
Discussion
In our study of older and middle-aged men and women, dietary acid load as measured by estimated NEAP was inversely associated with femoral neck BMD among older men. PRAL, however, was not associated with femoral neck BMD, and neither estimated NEAP nor PRAL was related to lumbar spine BMD in this group of older men. Dietary acid load was not associated with BMD at any site among older women or among middle-aged men and women. Furthermore, total calcium intake did not modify the relation between dietary acid load and BMD. To our knowledge, ours is the first study to suggest that greater dietary acid load is associated with lower BMD among elderly men. The primary basis for the acid-base hypothesis for osteoporosis is that dietary proteins, particularly those from animal sources, are the main contributors to endogenous acid load (23) and that long-term exposure to diets high in proteins lead to an acidic environment in the body, which in turn induces release of calcium from bone and subsequent bone loss. Several dietary intervention studies examining the influence of acid-base intake on urinary acid and calcium excretion have been summarized in a meta-analysis by Fenton et al. (30) , showing a direct relation between net acid excretion and urinary calcium excretion. This would seem to support the acid-base hypothesis, but only under the assumption that the source of increase in excreted calcium is indeed bone. Fenton et al. (31) examined this supposition in another recent meta-analysis of calcium balance studies and concluded that the increased urinary calcium excretion induced by a high-acid diet is not due to reduced calcium retention but more likely to increased calcium absorption. Furthermore, their meta-analysis revealed no evidence of a relation between net acid excretion and N-telopeptides, a marker of bone metabo- Dietary acid load and bone mineral density 591 lism. Thus, the notion of bone being called upon as a buffer to mild metabolic acidosis has been challenged.
Although our results suggest that increased dietary acid load is associated with lower BMD among older men, we did not observe a similar association among the primarily middle-aged men in the Offspring cohort. These discordant results may be attributed to differences in the proportion of animal-based protein, the primary source of acid-forming nutrients in the diet. Both estimated NEAP and PRAL consider the contribution of total protein intake to dietary acid load and do not account for source of protein. Nevertheless, although Offspring cohort men had more acidic overall diets, their proportion of total protein intake from animal sources (mean 69%, range 22-94%) was similar to that of the Original cohort men (mean 65%, range 29-90%). Alternatively, our ability to observe an association among the Original cohort men may be due to bone loss occurring more rapidly in the older compared with younger men; thus, any association may be more easily identifiable in this group. Additionally, because this was an observational study, it is possible that our significant finding among older men could be attributed to confounding by factors that were not measured and adjusted for in our analyses.
Apart from our isolated finding among older men, our results are primarily in line with the above mentioned meta-analyses that dispute the acid-base hypothesis of osteoporosis. Although estimated NEAP was negatively associated with femoral neck BMD in the elderly men, the association was not significant when dietary acid load was measured using PRAL. Neither estimated NEAP nor PRAL were associated with lumbar spine BMD among these older men, nor were they associated with BMD at any site among the Offspring cohort of mainly middleaged men. Although only 2 other previous investigations of dietary acid load and BMD have included men, neither found any associations (8, 10) . Furthermore, our results suggest that higher dietary acid load is not associated with lower BMD among middle-aged and older women. Similar results were recently published by Pedone et al. (11) , who found no association between PRAL and BMD of the tibia measured by peripheral quantitative computed tomography among women 60 y of age and older. In contrast, however, other cross-sectional observational studies have noted negative associations between acidic dietary profiles and BMD in women (6) (7) (8) (9) (10) . Results have, however, been inconsistent. For example, 2 separate analyses of women participating in the Aberdeen Prospective Osteoporosis Screening Study found that higher estimated NEAP was associated with lower BMD at the hip (femoral neck, Ward's area, trochanter) and lumbar spine among premenopausal but not postmenopausal women (6, 7) . Rahbar et al. (10) reported that estimated NEAP was negatively associated only with femoral neck BMD among premenopausal women but among postmenopausal women was associated only with wrist and lumbar spine BMD. Furthermore, in a study of elderly women, Wynn et al. (9) found a negative association between estimated NEAP and heel BMD, as estimated by quantitative ultrasound, but only among those with a history of fracture. The patterns of association in various subgroups of individuals such as premenopausal women, and significant associations at only one bone site and not another call into question the importance of the acid-base hypothesis to bone health.
There is some evidence that calcium intake could play a part in determining whether the benefits of a high-protein diet are realized or if the resulting high-acid load is detrimental to bone. A recent randomized trial of a calcium and vitamin D supplements among older men and women found that protein intake was not associated with 3-y bone loss in the control group, whereas higher protein intake was associated with an increase in total body and femoral neck BMD in the treated group (32) . This study suggests that with sufficient calcium intake, increased protein intake may be beneficial for bone. With insufficient calcium intake, the acidbase hypothesis would predict that a high dietary acid load due to high-protein intake would be detrimental for bone. We did not, however, observe significant interactions between dietary acid load and total calcium intake, indicating that a high dietary acid load may not be detrimental to bone health, even when calcium intake is low. This is in agreement with both Bonjour and Kerstetter (33, 34) , who suggest that a diet high in acid-forming nutrients is unlikely to produce so severe a state of acidosis as to overwhelm the body's first-line buffering mechanisms and require calcium mobilization from bone.
Estimates of dietary acid load in our Framingham Study participants are consistent with those previously reported from other population-based cohorts. Using data from NHANES III, Sebastian et al. (35) calculated the estimated NEAP of the average American diet as 48 mEq/d, which is similar to the Offspring cohort participants in our study (men: 47; women: 45), and slightly more acidic than the older Original cohort participants (men: 40; women: 39). The PRAL values for our study participants were also similar to those reported in population-based studies of dietary acid load and BMD that were conducted in the US and Europe (7) (8) (9) 11, 28) . Furthermore, the protein intakes observed in our study represent a typical range commonly consumed by adult men and women in the population (36) as opposed to the more extreme protein intakes that may have been examined in laboratory settings. Thus, the mostly null associations between dietary acid load and BMD that we observed do not reflect the effects of high-protein intake but rather those intakes found in the population. Our primarily null findings could, perhaps, be explained by the potentially opposing effects of dietary protein on bone. Both estimated NEAP and PRAL use total protein intake as a surrogate for sulfur amino acid production, and it has been shown that intakes of total protein and animal protein are highly correlated with renal net acid excretion measured in urine (22) . Yet these measures of acid load cannot separate the detrimental effects of acid production from the anabolic effects of protein. Thus, any negative association with acid load may be masked by a positive association with protein, and vice versa, resulting in an overall lack of association. Thorpe et al. (28) recently reported that in separate regression models, total protein and sulfur were not associated with lumbar spine BMD, but when included in the same model there was a positive association for protein and a negative association for sulfur. The investigators concluded that the effects of protein or sulfur are essentially nullified when the other is not accounted for, which could lead to erroneous null findings in studies of dietary acid load and bone that use estimated NEAP or PRAL, and thereby recommend that studies directly estimate intakes of protein and sulfur amino acids rather than depend on estimated NEAP and PRAL. Analyses in the Framingham cohorts along these lines are currently in progress.
Some limitations of our study are worth mentioning. The cross-sectional design of our study cannot address the potential causal relation between dietary acid load and BMD. Furthermore, measurements of estimated NEAP and PRAL at a single time point may not reflect the long-term status of dietary acid load, which may be important for studies of bone health, because it is chronic exposure to a high acid load that is likely to have effects on BMD. Additionally, estimated NEAP and PRAL are calculated based on algorithms using self-reported dietary intakes of only a small number of nutrients and may thus be limited in their accuracy for estimating dietary acid load. It has, however, been shown that these algorithms do provide reasonable estimates of NEAP and are more feasible than the optimal method of collecting 24-h urine samples, for use in large population-based cohorts that include older individuals (37) . Finally, the generalizability of our results is limited to older and middle-aged Caucasian men and women. Our study also has some important strengths. To our knowledge, ours is the first investigation to assess the potential modifying effect of calcium intake on the relation between dietary acid load and BMD. Furthermore, The Framingham Study cohorts include large numbers of men, as well as substantial numbers of both middleaged and older community-dwelling adults.
In conclusion, despite the observed association between estimated NEAP and femoral neck BMD among older men, this study suggests that increased dietary acid load is not associated with lower BMD among middle-aged men and women or older women, even when total calcium intake is low. Our results add to the evidence that challenges the importance of the acid-base hypothesis of osteoporosis and supports recommendations that adults receive adequate protein intake to promote bone health. However, because the observational studies that have examined dietary acid load and BMD, including our own, have been almost exclusively cross-sectional, we cannot rule out a causal relationship between dietary acid load and bone loss. Additional longitudinal studies are needed to further explore this potential modifiable risk factor for osteoporosis. 
